13 C-carbon black substituted composite LiNi 0.8 Co 0.15 Al 0.05 O 2 cathodes were tested in model electrochemical cells to monitor qualitatively and quantitatively carbon additive(s) distribution changes within tested cells and establish possible links with other detrimental phenomena. Raman qualitative and semi-quantitative analysis of 13 C in the cell components was carried out to trace the possible carbon rearrangement/movement in the cell. Small amounts of cathode carbon additives were found trapped in the separator, at the surface of Li-foil anode, in the electrolyte. The structure of the carried away carbon particles was highly amorphous unlike the original 12 C graphite and 13 C carbon black additives. The role of the carbon additive, the mechanism of carbon retreat in composite cathodes and its correlation with the increase of the cathode interfacial charge-transfer impedance, which accounts for the observed cell power and capacity loss is investigated and discussed. [1, 5] . Possible causes of the increase in cathode impedance and irreversible charge/discharge capacity loss include the formation of an electronic and/or ionic barrier at the cathode surface [6, 7, 8] . This is consistent with our earlier studies [9, 10] , in which we demonstrated that the non-uniform kinetic behavior of the individual oxide particles was attributed to the degradation of the electronically conducting matrix in the composite cathode upon testing. Carbon additive rearrangement in portions of the tested LiNi 0.8 Co 0.15 Al 0.05 O 2 cathodes and/or thin film formation on the surfaces of carbon and oxide particles is closely linked with the observed isolation of oxide active material.
Introduction
High-power Li-ion cells with graphite anodes and LiNi 0.8 Co 0.2 O 2 or LiNi 0.8 Co 0. 15 Al 0.05 O 2 cathodes that were cycled and stored at elevated temperatures display significant impedance rise and capacity fade [1, 2] . Impedance measurements of the cell components carried out with a Li-Sn reference electrode indicated that the composite cathode is primarily responsible for the observed cell power loss at elevated temperatures [3, 4] .
Electrochemical testing of LiNi 0.8 Co 0.15 Al 0.05 O 2 cathodes and graphite anodes removed from model pouch-type lithiumion cells, which were cycled at C/2 over different ranges of DOD and at different temperatures, clearly showed that the cell capacity fade and impedance rise were strongly dependent on temperature, cycling potential limits, and number of charge/discharge cycles [5] .
X-ray diffraction spectroscopy measurements failed to detect any noticeable changes in the bulk structure of tested LiNi 0. 8 5] . Possible causes of the increase in cathode impedance and irreversible charge/discharge capacity loss include the formation of an electronic and/or ionic barrier at the cathode surface [6, 7, 8] . This is consistent with our earlier studies [9, 10] , in which we demonstrated that the non-uniform kinetic behavior of the individual oxide particles was attributed to the degradation of the electronically conducting matrix in the composite cathode upon testing. Carbon additive rearrangement in portions of the tested LiNi 0.8 Co 0.15 Al 0.05 O 2 cathodes and/or thin film formation on the surfaces of carbon and oxide particles is closely linked with the observed isolation of oxide active material.
Because the composite cathodes typically consists of an active material, two types of carbon additive, and a binder, suitable instrumental techniques must be applied to obtain lateral resolution comparable to the size and morphology of electrode surface features. In situ and ex situ application of non-invasive and non-destructive microscopies and spectroscopies, including Raman, fluorescence spectroscopy, SEM, and AFM to characterize physico-chemical properties of the electrode/electrolyte interface at nanometer resolution provide unique insight into the mechanism of specific chemical and electrochemical processes that may be responsible for the electrode and cell degradation. The extraordinary potential of Raman micro-spectroscopy was demonstrated by in situ acquisition of space-and time-resolved spectra of positive and carbon negative electrodes in Li-ion cells [4, 9, 11, 12, 13, 14] , single oxide or graphite particle in the composite electrode [10, 15, 16, 17] or single graphite or LiMn 2 O 4 particle electrodes [16, 19, 20, 21] .
This work presents an example of this methodology used in post-test analysis of interfacial phenomena on the composite LiNi 0. 8 Freshly prepared electrodes were dried in an He-filled glove box antechamber vacuum oven at 120ºC, 42 hours. After heat-treatment the electrodes were transferred immediately to a He-filled glove box. All the following tests and measurements were conducted in the same glove box i.e., the electrodes and cells were never exposed to the air. o C at C/10 rate between 3.0 and 4.1V cell voltage limits, At the end of cycling, the cell was fully discharged at C/25 to 3.0V (100% DOD), and the discharged cell was disassembled in an Ar glovebox. The cathode was soaked in DEC for 2 hours and dried in the glovebox prior to diagnostic evaluations.
A Raman microscope system "Labram" (ISA Groupe Horiba) was used to analyze and map the cathode surface structure and composition. The excitation source was an internal He-Ne (632 nm) 10 mW laser. The power of the laser beam was adjusted to 0.1 mW. The diameter of the laser beam at the sample was ~1.2 µm. Individual Raman spectra were processed and deconvoluted using the PeakFit 4.0 commercial software package. SEM imaging was carried out with a Hitachi S-4300 SE/N EDX microscope.
Results and Discussion
The discharge capacity vs. cycle history for the cell tested in this study is shown in Figure 1 . The cycle coulombic efficiency averaged 99.71%, which led to a 52% capacity fade during C/10 cycling after 180 cycles at room temperature, and 99.47% coulombic efficiency, which corresponds to 91% capacity loss after 170 cycles at 45 o C. The room-temperature cell exhibited most of its discharge capacity loss within initial 50 cycles whereas the cell tested at 45 o C showed a gradual degradation during cycling. Post-cycling C/25 low-rate capacity measurements showed only 30% and 65% capacity fade at 25 and 45 o C, which indicates that impedance changes in the cell are responsible for a significant fraction of the observed capacity fade at C/10. The observed irreversible discharge capacity loss and impedance rise is entirely attributed to the tested 13 corresponds to the E 2g active mode of 12 C graphite [22] . The low intensity (D) band of graphite which is located at ~1328 cm -1 is assigned to the A 1g mode and is associated with the breakage of symmetry that occurs at the edges of graphite sheets.
The frequencies of vibrational modes of the crystal lattice depend on the interatomic force constants and the atomic masses. Thus, the frequencies of modes can be altered by isotopic substitution, and the corresponding band shift can be monitored by Raman spectroscopy. The Raman D and G bands for disordered carbons, where the natural abundance of 13 C is 1.1%, are located at ~1324 and 1590 cm -1 , respectively. The change in atomic mass when 12 C is replaced by 13 C induces a shift and an asymmetric broadening of the Raman lines. The carbon bands' shift that can be calculated from the Redlich-Teller product rule for 100% 13 C-substituted carbon black can be expressed by the relation [23] :
where ħω 13C is the position of the Raman lines of 13 Csubstituted carbon, and ħω 12C is the frequency of bands in 12 C carbons. This gives the band shift for 100% 13 A semi-quantitative surface analysis of the cathode surface composition was carried out by Raman mapping of a 52x75 µm section of the cathode surface at 0.7 µm resolution ( Figure 2B ). The Raman spectra of individual cathode components recorded at different surface locations are shown in Figure 2C . The mapping and spectral analysis procedure was described in detail in [14] . Thousands of Raman spectra were deconvoluted, analyzed, and displayed as color-coded points on the composition image map. The color saturations of red, bright blue, which constitutes a superposition of intense blue and green contributions from D and G bands of carbon black, and green from dominant G-band in graphite are proportional to the surface concentrations of LiNi 0.8 Co 0.15 Al 0.05 O 2 , 13 C carbon black, and 12 C graphite, respectively. The resultant color for each location corresponds to the local surface concentration ratio of the components of the composite cathode. Figure 3 shows representative micro-Raman surface composition image maps of a 13 C-enriched fresh cathode and the cathode from a Li-ion cell that exhibited 52% charge capacity loss. The surface composition Raman maps clearly indicate that the fresh composite electrode is almost fully coated by 13 C acetylene black and 12 C graphite. The carbon additives prevent detection of the underlying oxide active material at most locations. Post-mortem micro-Raman analysis of cathodes from the tested cells showed a noticeably higher surface concentration of the active material and lower surface concentration of the carbon additives (Fig.3 B) . These results are in concert with our earlier diagnostic Raman observations from commercial Li-ion batteries and mode cells which correlated carbon redistribution and the loss of electronic conductace within the composite cathodes [9, 10, 14] .
Carbons display much greater Raman scattering crosssection than LiNi 0.8 Co 0.15 Al 0.05 O 2 so, the color-coded maps must be considered a semi-quantitative representation of the surface composition. However, they provide clear evidence for a change of surface distribution of the electrode components upon long-term electrochemical charge/discharge cycling.
SEM images (Fig. 4) of the cathodes display large 2-8 µm polycrystalline agglomerates which consist of 100-200 nm primary particles of LiNi 0.8 Co 0.15 Al 0.05 O 2 . The images show no visible structural damage to the LiNi 0.8 Co 0.15 Al 0.05 O 2 oxide particles induced by electrochemical cycling. However, the surface of the fresh carbon electrode show a continuous surface film of 13 C carbon black whereas the agglomerates of the active material appear free of carbon additive in many areas. This result is in agreement with the surface carbon redistribution effect observed on surface composition Raman maps.
A Raman qualitative and semi-quantitative analysis of 13 C in the cell components i.e., the separator, the surface of the anode, and the electrolyte was carried out to trace the possible carbon rearrangement/movement in the cell. Only small and insignificant amounts of fine carbon particles were carried away from the cathode. Micro-Raman spectra of the surface of the Li anode revealed trace amounts of carbon contaminants that could originate from the cathode. We also identified and characterized a modest amount of fine carbon particles trapped in the separator on the anode side (Fig. 5) . Interestingly, almost all micro-Raman spectra collected from the anode and separator reveal contributions from inorganic and organic components of the SEI layer. The peak at 1091 cm -1 corresponds to Li 2 CO 3 and the broad band at 1450 cm -1 as well as peaks that overlap with carbon D and G bands could be consistent with the symmetric vibrations of -C-O and -C=O groups of organic products of the electrolyte decomposition. Micro-Raman spectra of the anode and separator were often hampered by very strong fluorescence signal which comes form fluorophosphate compounds the decomposition of LiPF 6 to [24, 25, 26] .
To extract carbon particles from the anode and eliminate contributions from the SEI layer organic and inorganic contaminants, the Li anode was dissolved in distilled water. The remaining black residue was filtered out, dried and analyzed. Figure 6 shows micro-Raman spectra of the black residue with reference to the spectra of 13 C carbon black and 12 C graphite. Interestingly, all carbon particles were highly amorphous unlike the original graphite and 13 C carbon black. On the other hand, contributions from the corresponding 13 C and 12 C carbon D and G bands can be clearly identified. These amorphous carbons could be natural contaminants of the graphite and 13 C carbon black additives. They also could result from mechanical processing during electrode manufacturing. Another possible mechanism of carbon additive degradation in the cathode is gradual carbon particle delamination due to PF 6 -anion intercalation-deintercalation during electrochemical cycling.
There have been numerous studies of PF 6 -anion intercalation into graphite for potential applications in "dual graphite" cells [27, 28, 29] . Discharge capacities of about 100 mA/g were reported the potentials above 4.2 V. The irreversible losses of capacity observed during chargedischarge cycles prevent any practical application of the graphite cathode in a non-aqueous battery cell. It was suggested that electrolyte decomposition and/or graphite structure destruction by cointercalation of PF 6 -ions and solvent molecules is responsible for the graphite electrode degradation [29] . Unfortunately, no similar studies were carried out on the effects of anion intercalation into amorphous carbons. However, one can assume that carbon blacks could exhibit a similar mode of degradation. Experimental evidence to support this hypothesis will be the subject of a separate study.
Although the amount of carbon additives that could undergo structural damage during mechanical processing and charge-discharge cycling is very small, the consequences for the electrochemical performance of the composite cathode could be severe. Even slight loss and/or rearrangement of carbon additives on the surface of the active material agglomerates can lead to an increased resistance within the agglomerate where small crystallites were originally in poor electronic contact with their neighbors. The loss of direct electronic contact between primary particles and the receding carbon matrix will lead to partial and, eventually, total isolation of some oxide particles, which responsible for the observed cell power and capacity fade.
The experimental evidence presented in this work suggests that carbon particle decrepitation upon anion intercalation/deintercalation followed by removal from the cathode is the likely mode of the composite cathode degradation. However, other detrimental processes such as loss electrode mechanical integrity, gas evolution, surface film formation, and electrophoretic transport of fine carbon particles across the separator toward the anode can also affect the electrode electrochemical performance. Further fundamental studies of the specific phenomena will be conducted to determine the critical issues of the materials science and Li-ion battery engineering.
